The runoff coefficient, the ratio of total streamflow volume to the total precipitation over a certain area and time, plays a fundamental role in the planning, design and operation of water resources tn a catchment. Most often its long-term global value, especially on an annual basis, ts presented either in a tabular form as a function of vegetation cover, degree of urbanization, climatological features and geological setting of the catchment area, or in the form of empirical formulations. However, in this paper, monthly runoff coefficient changes within an annual period are represented through a simple polygon diagram concept obtained from monthly precipitation and runoff data. This method provides not only variations in the monthly runoff coefficients but also, qualitatively, many useful interpretations concerning the rainfall-runoff transformation in a catchment. The application of the polygon method is presented for some catchments around the city of Istanbul, Turkey.
INTRODUCTION
Estimating the value of the runoff coefficient presents one of the greatest difficulties and is a major source of uncertainty in many water resources projects. The coefficient must account for all those factors affecting the relationship of peak flow to average rainfall intensity other than area and response time. In any water resources design, the values of the runoff coefficient are taken from tables of possible values depending on
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the description of the area. The main concern in selecting these values is that they are chosen rather subjectively in a vague manner and largely reflect personal judgement rather than hard data. On the other hand, all of the rather sparse studies show that adopted or derived runoff coefficient values on a drainage basin vary widely from storm to storm depending particularly on different antecedent wetness conditions. Often, the value of the runoff coefficient increases as the average recurrence interval increases, thus allowing for nonlinearity in the runoff response of a catchment. Since considerable judgement and experience are required in selecting satisfactory runoff coefficient values for design, there is a need to check values against observed runoff data in a given catchment. In any water resources operation runoff plays a significant role as an input variable in the design of engineering structures such as culverts, reservoirs, in groundwater recharge estimation, and in flood designs. Runoff is produced at the ground surface when the rainfall intensity exceeds the infiltration capacity and water originally falling as rain or snow is converted into river flow. The runoff coefficient plays a central role in the calculations of the surface water yield of a catchment due to many forms of precipitation. It is quantitatively related to various interrelated factors such as precipitation intensity and its seasonal distribution, precipitation types (orographic, convective, cyclonic or frontal), vegetation types and cover, transpiration rate, geological outcrops, infiltration rates, and finally, the topography of a catchment area. Additionally, in many catchments and especially those closer to city centres, runoff volumes are strongly modified by anthropogenic effects such as urbanization, irrigation, inter-basin water transfer, water impounding reservoirs and artificial groundwater recharge.
Hundreds of different methods have been used for estimating peak runoff volumes on small catchments but most of them use rather arbitrary formulas (Chow, 1962) . One of the best known and widely used is the Rational Method which states that the discharge, Q, at the catchment outlet point can be calculated as:
where / is the rainfall intensity, A is the drainage basin area, and C is the runoff coefficient. It is obvious that for a successful estimation of Q the runoff coefficient must be known for the catchment. The runoff coefficient is dimensionless and defined as the ratio of runoff to precipitation amount. It can be evaluated statistically by plotting precipitation vs runoff and using the slope of the regression line as an estimate of the runoff coefficient. A typical rainfall-runoff scatter diagram is shown in Fig. 1 for monthly data. This simple procedure has the following drawbacks: (a) the straight-line slope provides a global estimate of the runoff coefficient but does not provide interpretations or clues about other time scales such as seasons or years; (b) in the regression line solution the basic assumption is that the relationship between rainfall and runoff is linear. With linearity an increase in the rainfall results in a proportional increase in the runoff and runoffs from different inputs can be superimposed. In fact, the rainfall-runoff relationship in a catchment is nonlinear. Proportionality and superposition principles do not apply with nonlinear systems (Kundzewicz & Napiorkowski, 1986) ; and (c) this straight-line fitting gives a simple and global value for the runoff coefficient for all time periods. More detailed information about the topic is presented by Maidment (1993) . The main purpose of this paper is to extend the concept of the single straight line classical rainfall-runoff scatter diagram by connecting the scatter diagrams of successive months such that their straight lines appear as a closed polygon. Each side of this polygon presents an assumed linear variability for individual months and in this manner overall nonlinearity in runoff coefficient behaviour is taken into consideration. In addition such a polygonal diagram reveals many useful qualitative interpretations about the rainfall-runoff transformation phenomenon. The main purpose of this paper is to provide runoff coefficient variation diagrams obtained from historical data on both monthly average rainfall and runoff records for a 20-year period in Istanbul catchments. However, the proposed methodology is equally applicable in any part of the world, provided simultaneous rainfall and runoff data are available.
BASIC CONCEPTS AND POLYGONS
The main concern herein is not to calculate a single parameter for all the scattered points on the polygon diagram, but to make interpretations and quantifications as the system passes along the polygon sides from one month to the next.
Based on the dynamics of monthly precipitation {p\, pi, p:" ..., p n ) and runoff (n, r 2 , r 3 ,..., r") time series, one can construct the polygon diagram on a Cartesian coordinate system. For the runoff coefficient estimations, it is necessary that these two time series be simultaneously recorded in the same catchment. Their plots with the connection of successive months by straight lines lead to a scatter diagram with almost no definite pattern. This is an expected result because the precipitation and runoff phenomena depend on many external factors such as the types of storms, weather patterns, geological composition of the catchment surface, human settlement, water resources and agricultural developments in the catchment area and antecedent conditions, all of which introduce uncertainty into the system. However, the parameters in engineering studies, even in the application of the water balance equation, require predetermination of a time interval, which in many applications depends on the project concerned and may be days, weeks, months, or years. In order to obtain a definitive pattern, monthly averages of the precipitation
for January, February ... December are first calculated and then plotted leading to a set of 12 successive points. Figure 2 shows representative monthly averages of precipitation-runoff pairs. The connection of the successive monthly points by straight lines appears in the form of a closed polygon with different lengths and slopes of its sides.
Generally, so far in the literature, a global regression line is fitted to the scatter diagrams and the slope of such a regression line is considered as the annual runoff coefficient for the catchment. In effect, this is the linearization of the nonlinear behaviour of the precipitation-runoff transformation system. Polygon diagrams similar to physical interpretation of the end point on a side is an average value of précipita-tion and runoff for a particular month. Such a linearity assumption during time intervals smaller than one year yields more reliable results in the runoff volume calculations. In fact, division of the runoff coefficient into months during one year, as in the polygon diagram, furnishes a basis for the successive application of the rational method similar to numerical procedures. The polygon constitutes finite straight-line portions for the validity of a linearity assumption on a monthly basis. Practically, if all of the sides fall along a single direction within 5% or 10% deviations, then the corners in the polygon diagram might be considered as scattered along a straight line which represents the monthly precipitation-runoff relationship. The narrower the polygon, the more uniform is the representative runoff coefficient for the catchment concerned. Wide polygons imply heterogeneous temporal runoff coefficients for the catchment area. It also means nonlinearity in precipitation-runoff relationships for the catchment area considered. (e) In each polygon, there is always a rising sequence of sides followed by a falling sequence as shown in Fig. 2 . For instance, in that Figure starting from A (August) through points S, O, N, D up to J (January), the average monthly runoff volumes rise. However, in contrast, starting from J (January) through F, M, A, M, J, J and ending in A (August), a falling sequence exists. In general, the runoff coefficients along a rising sequence are comparatively greater than those of a falling sequence. This is due to the fact that during the rising sequence, the catchment becomes wetter with time, whereas along the falling sequence the same catchment becomes drier. On the other hand, a rising sequence corresponds to precipitation periods, but the falling sequence might even represent the contributions from groundwater to surface water, hence causing the runoff coefficient to assume values greater than one. (f) Any horizontal line intersection with the polygon provides lower and upper limits of expected runoff heights with corresponding runoff coefficients for a given precipitation depth. In contrast, any vertical line depicts the lower and upper limits as well as the range of precipitation depth that might give rise to a certain amount of runoff. (g) The smaller the area of the polygon, the more consistent the monthly precipitation and the more constant the runoff coefficient. (h) The smaller the overall slope of the polygon from the horizontal axis, the more precipitation is converted to runoff by the catchment system. (i) In any water resources development and operation activity that is planned within a catchment area, these polygons will provide runoff coefficient values for an effective operation rule. These general characteristics of the polygon diagrams reflect many qualitative properties of the precipitation-runoff phenomena that occur over the catchment area.
APPLICATION
Istanbul City water supply sources are dependent on six surface reservoirs located in different catchments in the European and Asian areas, three in each as shown in Fig. 3 . According to their usable capacities in sequence, the three in the European area are the Durusu, Bûyukçekmece and Alibeykôy reservoirs, whilst those in the Asian area are the Ômerli, Daiiik and Elmali reservoirs. Some characteristics of the catchments and reservoirs are shown in Table 1 . The runoff coefficients shown in this table are long annual averages, which are the overall regression line slopes. Depending on the urbanization extent in u catchment area, the runoff coefficients for highly urbanized catchments assume high values. The precipitation-runoff phase diagram polygons for each catchment are plotted using monthly average data under consideration of catchment characteristics given in Table 1 . The results are shown in Fig. 4 for the Asian and in Fig. 5 for the European catchments near Istanbul. The following qualitative characteristic behaviours of the precipitation-streamflow phenomenon for the Istanbul catchments can be deduced from these polygons: (a) In all the polygons at the corner points the streamflow coefficients calculated as the ratio of runoff to precipitation are given within the brackets. The average monthly runoff coefficients for one monthly period are calculated as the arithmetic average of the preceding and current months' runoff coefficients as they appear in Figs 4 and 5. The average annual runoff coefficient is calculated as the arithmetic average of 12 months. These values of runoff coefficients are presented in Table 2 . For instance, the runoff coefficient of 0.74 at the Ômerli catchment in January is obtained as the arithmetic average of the January and February corner values in Fig. 4, i.e. (0.73 + 0.15)12 -0.74 . Comparison of these values among all the catchments indicates that for the Bûylikçekmece catchment there are runoff coefficients calculated in this way which attain values greater than one. At first, such a value might appear as absurd, but it pinpoints a very important natural phenomenon that this reservoir is fed by groundwater and snowmelt in addition to precipitation. Notice that runoff coefficients greater than one are attached to the decreasing limb of polygons during which the precipitation decreases steadily, but groundwater, as a delayed recharge, contributes to the streamflow. The geological formation of this catchment is a composition of limestones and dolomites, which easily store and transmit groundwater in large amounts. Another explanation of these runoff coefficients is that, since the catchment area is very big, the precipitation that might occur at distant parts arrives at the streamflow measuring station, which is located near the reservoir, in a rather delayed manner. Last, but not least, the precipitation in the form of snow after melting contributes to runoff, again with a delayed response. (b) A first glance indicates that the steepest and narrowest polygon appears for the Elmali catchment in the Asian area (Fig. 4) . The narrowness of the polygon implies that the catchment response to precipitation is almost the same in each month without significant variation. Two catchments that show a similar steep pattern of behaviour are the Durusu and Alibeykôy catchments in the European area (Fig. 5) . However, their polygons are comparatively wider, hence catchment reaction to precipitation is different in different months. (c) In all the polygons, irrespective of location, the polygon sides for precipitation amounts in the months July, August and September are almost vertical, which means that any precipitation occurrence in these months will result in negligible runoff, but significant groundwater recharge and, to a lesser extent, evaporation. After September, all the polygons show significant changes in the slopes of the contribute to the runoff more and more. This situation continues steadily until the end of December, except in the Durusu catchment where there is a decrease from November to December, and subsequently, a slight increase, which is followed by a continuous decrease again until July. Hence, in all the polygons except the one for Durusu, the end of December forms a turning point for precipitation increases and from then onwards there are decreases in the precipitation amounts, and consequently, decreases in the runoff amounts. In the Durusu catchment, there is a local decrease in the precipitation amount from November to December. (d) The most instantaneous response to precipitation takes place at the Darlik and Biiyukçekmece catchments, especially during the period from the end of September until December, since over this period the polygon sides have the smallest slopes. (e) Invariably in each polygon for the six catchments near Istanbul, there is a local increase in the runoff amount although the precipitation continues to decrease. This is attributable to frost events, which happen quite frequently in this period. Hence, the rainfall cannot find an opportunity to infiltrate easily and consequently is forced to appear in the form of runoff. (g) Since the Elmali catchment is the smallest in area, the completion of its annual cycle of precipitation-runoff does not take a long time. This is evident from Fig. 4 , in which the Elmali polygon comparatively has the least peripheral length. Accordingly, the gathering of water into the reservoir in this watershed is rather fast and such a property must be taken into consideration in the reservoir operations.
CONCLUSIONS
Monthly and annual runoff coefficient estimations can be determined from polygon representation of precipitation and simultaneous runoff records. These polygons provide information concerning the duration of runoff, its magnitude, runoff coefficient variation with time, etc. Furthermore, they provide a common basis for many qualitative interpretations about catchment responses to precipitation. The application of the proposed methodology was carried out for six impounding reservoirs m six different catchments near the city of Istanbul.
